INTRODUCTION
Neutrophils make up approximately 70% of the white blood cells in humans and serve as a first line of defense against invading pathogens. Two mechanisms of action, the release of cytotoxic molecules from granules, named degranulation, and phagocytosis, the engulfment and intracellular killing of pathogens, have been established for quite some time, but in 2004, a new antibacterial strategy of neutrophils was described. This strategy involves the extrusion of neutrophilic chromatin together with antibacterial proteins originating from the neutrophil granules. 1 This process is called NETosis, and this name refers to the neutrophil extracellular trap (NET) that is formed during this process. After its initial discovery, an extensive number of investigators not only addressed the mechanism(s) of NET formation but also the role of NETs as initiators of diseases, such as autoimmune diseases, diabetes, atherosclerosis, and vasculitis. 2 More recently, interactions with other host systems have been studied, including the complement and coagulation systems. While NETosis was first described not much more than a decade ago, research on the complement system commenced a century ago. The system consists of approximately 30 serumassociated proteins and is classified as part of the humoral innate immune system. The name ''complement'' was given because the cascade reaction of these proteins ''complement'', or support, the antibacterial effects of antibodies. Three distinct pathways of complement activation have emerged over the years, and it was recently discovered that NETs can play a role in their initiation.
An injury will induce coagulation of the blood to quickly close the wound, but uncontrolled clot formation might lead to thrombosis. Activated coagulation factors induce the activation of the complement system as a side effect, and activated complement, in turn, alerts the immune system to recruit neutrophils. It is generally assumed that these neutrophils are recruited to the site of injury to quickly respond to any opportunistic attacks of invading pathogens. Recently, it was posed that NET structures released by neutrophils can also serve as a scaffold for clot formation, shining new light on the role of neutrophils and NETosis in coagulation-mediated diseases.
This review focuses on NETosis and its interactions with both the complement and coagulation systems, placing the three interconnected processes within a broader perspective. phosphate (NADPH) oxidase complex are all involved in producing reactive oxygen species (ROS) and/or DNA decondensation. [6] [7] [8] [9] Upon induction of NETosis, the NADPH oxidase complex is activated, leading to the production of superoxide anions, which are converted to hydrogen peroxide. Hydrogen peroxide is a substrate of MPO and induces the release of NE from neutrophil granules. NE subsequently migrates to the nucleus to induce histone degradation, which in turn, leads to DNA decondensation. 10 On its way to the nucleus, NE has also been shown to degrade actin filaments, which inhibits the movement of the neutrophils. At later stages, MPO also travels to the nucleus to assist NE in the decondensation of chromatin, but the precise mechanism of action remains unclear. 10 When the nuclear membrane disintegrates, the decondensed chromatin can mix with cytosolic and granular proteins of the neutrophil, such as NE and MPO. These components will decorate the chromatin networks once the NET is expelled after cell membrane rupture. The proteins aid in the stability of the NETs 11 as well as give the NETs their antibacterial properties. 12 MPO produces hypochlorous acid that can kill pathogens, and the serine-protease NE can degrade bacterial proteins. The most abundant protein components of NETs are histones, which are also known to have antibacterial properties. 1, 13, 14 However, the antimicrobial properties of NETs are controversial since NETosisdeficient mice and patients deficient in MPO (and thus NETosis) are not more vulnerable to infections than healthy subjects. 15, 16 The whole process of NET formation takes approximately 3 h and is lethal to neutrophils. However, in addition to this "suicidal" form of NETosis, "vital" NETosis has also been described. In this process, NETs are formed within half an hour, and the cytoplasmic neutrophils are able to crawl along and retain their antimicrobial functions. 17 Vital NETosis is mostly induced by bacterial stimulation and does not require the activity of NADPH oxidase or the formation of ROS species to form NETs. 18 This division is only the beginning of discerning the different forms of NETosis, as it appears that each stimulus show different characteristics with respect to chromatin decondensation, requirements for protein activity and protein content of the resulting NET. 3, [19] [20] [21] All types of NETs share the following features: they are built from chromatin and antibacterial proteins, which are able to interact with the complement and coagulation systems.
In vivo, NETs are degraded by plasma DNases and subsequently cleared by macrophages. [22] [23] [24] The importance of NET clearance is exemplified by mice that are deficient in DNase 1 and DNase 3, which die within a few days after neutrophil activation due to blood vessel occlusion by the large amount of NETs. 22 Defective clearance of NETs has been implicated in the evolution of autoimmune diseases due to exposure to intracellular antigens on NETs. 5 In systemic lupus erythematosus (SLE) patients, decreased activity of DNases correlate with the amount of NET complexes in the blood and disease severity. 23 In NETosis research, dismantling of NETs with DNase treatment is often used to demonstrate the NET dependency of a process.
The complement system The complement system, which is the humoral part of the innate immune system, consists of approximately thirty serum proteins. The system is made up of serine-protease cascade reactions involving consecutive cleavages of complement proteins, eventually leading to the formation of the membrane attack complex (MAC). The MAC creates a pore in the cellular membrane where the complement system was activated. Through this pore, metabolites and small proteins can diffuse freely, resulting in lysis of the target cell. 25, 26 This process is meant to kill pathogens, but it can also affect host cells if the complement system is not properly controlled.
There are three pathways that can initiate the complement cascade, all of which culminate in the generation of a C3-convertase that cleaves the central component of the complement system, C3. 25, 27 The classical pathway is dependent on target-bound antibodies that are bound by C1q binds, which leads to activation of the C3-convertase C2bC4b. The lectin pathway functions in the same way, but it is dependent on the binding of lectins to polysaccharide structures on pathogens. In both pathways, the activated C3-convertase C2bC4b cleaves C3 into C3a and C3b. This cleavage reaction is amplified by a third pathway, called the alternative pathway, which is triggered when the C3b breakdown product is deposited on the surface of a microbe and, together with cleaved Factor B, forms C3bBb, another C3-convertase. The complement Factor properdin or Factor P is the only known complement-stabilizing factor and functions by stabilizing this C3-convertase C3bBb, thereby boosting the alternative pathway. 25 The classical, lectin and alternative pathways converge when an additional C3b protein associates with either C2bC4b or C3bBb, which creates a C5-convertase. This convertase can cleave C5 into C5a and C5b, the latter being the starting point for the terminal stages of complement activation. C5b recruits C6 followed by C7 and C8, which insert into the target membrane together. Finally, multiple C9 proteins are recruited to form the pore in the membrane to induce cell lysis. 25, 26 The complex of C5b, C6, C7, C8, and C9 is called the MAC or the terminal complement complex, and it is also shortened to the C5b-C9 complex.
In addition to the formation of the MAC complex, the complement system has other functionalities that are used to fight pathogens. C3b, for example, is important in the process of opsonization. 25, 27 When a pathogen is covered with deposited C3b (i.e., is opsonized with C3b), it will be recognized by complement receptor 1 (CR1) on neutrophils and other phagocytes, which will subsequently ingest and degrade this pathogen or stimulate NETosis. 28 Furthermore, cleavage products C3a and C5a are socalled anaphylatoxins, or danger signals of the immune system. These anaphylatoxins are potent chemoattractants for different types of immune cells, such as neutrophils, and are able to activate them to initiate an immune response at the site of infection. 25, 29 Many complement-inhibiting proteins are known to ensure protection of host cells against complement activation. Two of the main complement inhibitors that have gained a great deal of attention in current research are Factor H and Factor I. Factor H acts as a cofactor of Factor I in the inhibition of alternative pathway complement deposition by degrading C3b into iC3b and accelerating the decay of C3bBb. 30 Another example is the C4b-binding protein, which can sequester C4b and thereby inhibit the C3-convertases of the classical-and lectin pathways. Additionally, proteins that do not belong to the complement system can inhibit its activation, such as vitronectin. Vitronectin is a protein that binds C5bC6C7 complexes and prevents the formation of an active MAC complex. 25 Furthermore, different receptors on host cells have been shown to reduce C3b deposition, such as CD35, CD46, CD55, and CD59. 31 The coagulation pathway After vessel injury, primary hemostasis involves the aggregation of platelets at the damaged tissue, creating a platelet plug. This plug is subsequently strengthened by the coagulation cascade in a process referred to as secondary hemostasis, which entails the formation of fibrin networks around the platelets. The plateletfibrin clot forms the thrombus that seals the blood vessel to prevent further blood loss and opportunistic infections. Similar to the complement system, the coagulation cascade consists of multiple serine proteases, which ultimately initiate the formation of fibrin fibers. The coagulation cascade can start via two distinct pathways that lead to the cleavage of prothrombin into thrombin. 32 In the extrinsic pathway, this is achieved via the exposure of tissue factor (TF), a protein that is normally expressed on cells that are not directly in contact with the blood flow. TF becomes exposed to the blood when a blood vessel is damaged and then can act as a receptor for Factor VII present in blood. Altogether they form a complex that is able to cleave Factor X (FX). In the intrinsic pathway, FX cleavage is accomplished by the consecutive cleavage of factors FXII, FXI, and FIX, with Factor FVIII serving as a cofactor. The initiator of this pathway is Factor FXII, a protein that is activated upon binding to negatively charged surfaces, such as collagen. Factor X, once cleaved and activated (referred to as FXa) via either pathway, is able to cleave prothrombin into thrombin. Thrombin can then cleave fibrinogen into the active fibrin, which can form the strong fibrin fibers that make up a clot. As a negative feedback loop, excess thrombin can activate protein C, which subsequently inhibits thrombin formation and further fibrin cleavage. 33 Furthermore, plasmin can degrade fibrin and is, therefore, an important regulator of clotting; it can prevent excessive build-up of fibrin fibers and thereby counteract thrombosis.
The initiator of the intrinsic pathway, FXII, can also bind to negatively charged surfaces on bacteria, such as those rich in lipopolysaccharide (LPS), where it activates the plasma enzyme kallikrein to, in turn, induce the release of the pro-inflammatory peptide bradykinin and together activate FXII as a feed-forward loop. 25 As LPS is the major component of the bacterial cell wall, it is thought that bacterial surfaces might induce clot formation. Indeed, fibrin formation has been detected on bacterial surfaces. 34 Moreover, some bacteria, such as Staphylococcus aureus, have evolved to induce coagulation to shield themselves from recognition by the immune system. 35 These observations suggest that coagulation might also play a role in host defense. Coagulation to entrap pathogens is an evolutionarily conserved mechanism, as clot formation is a well-known host-defense mechanism in invertebrates. In a sense, fibrin clots might resemble NETs because they can capture bacteria and prevent them from spreading. It has been shown that NETs and fibrin fiber structures indeed show some similarities, although NETs have a smaller and finer structure. 36 However, bacterial killing via so-called "immunothrombosis" still depends on coagulation-independent mechanisms, such as phagocytosis by immune cells. In contrast to fibrin clots, NETs do possess intrinsic antimicrobial properties, which enable them to not only prevent the spreading of pathogens but also induce cell death. 12, 37, 38 It remains to be determined whether coagulation induced by bacteria is biologically relevant or simply reflects bystander effects. 25 Furthermore, its biological relevance in vertebrates is unclear, considering the development of the cellular and humoral immune systems. 37 There seems to be a large amount of redundancy between the antimicrobial properties of the coagulation system and innate immune system, which might be explained by the long course of evolution. 39 It has been proposed that the antimicrobial properties of the coagulation system still exist because they are useful at sites of injury, where coagulation can play a dual role: to seal the wound and to defend against environmental pathogens with easy access to the body at the site of injury. However, for pathogens that have evolved to infect mammals, more sophisticated antibacterial defense mechanisms, such as phagocytosis or NETosis, are needed.
INTERPLAY OF THE COMPLEMENT SYSTEM AND NETOSIS
One of the first indications that the complement system influenced NETosis was the finding that neutrophils of C3 knock-out mice did not form NETs. 17 Similarly, neutrophils from C3a receptor (C3aR)-deficient mice also did not form NETs. 40 When C3 knock-out mice were given exogenous C3-containing serum from healthy mice, the NETotic ability of the knock-out mice was restored, substantiating the importance of the complement system for NETosis. 17 Complement activation stimulates NETosis In response to the defense mechanisms of the complement system, pathogens have evolved strategies to evade the complement system, such as the recruitment of complement Factor H on their surface to prevent C3b opsonization. It was recently shown that complement opsonization not only induces phagocytosis but also aids in inducing NETosis. 28 Bacteria that are opsonized with serum IgG are more potent NETosis inducers than non-opsonized bacteria, and effect that is reinforced when the pathogen is preincubated with serum instead of IgG only, suggesting that complement C3b opsonization (via classical-or alternative pathway activation) also facilitates NET formation (Fig. 1a) . This hypothesis was corroborated by the finding that addition of an antagonist of CR1, which prevents the detection of C3b-opsonized Fig. 1 Schematic overview of interactions between NETosis and the complement system. a C3b and iC3b opsonization affects NET formation. b C5a induces the upregulation of complement receptors. c C3, Factor B and properdin produce and stabilize C3-convertase on the neutrophilic membrane and in NETs. d Factor H can be recruited to the neutrophil membrane to prevent complement activation. e NETs form a platform on which complement activation can occur. f NET proteins can generate anaphylatoxins C3a and C5a to alarm the immune system microbes by neutrophils, decreases NETosis. 28 Likewise, blocking of complement receptor 3 (CR3), which binds the opsonin iC3b, inhibits NETosis in response to certain pathogens. 41, 42 Since this effect was not observed with other pathogens, 28 it is likely that multiple complement receptors are needed to detect different pathogens. The ability of a pathogen to induce NETosis might inversely correlate with its ability to evade complement activation and opsonization. A pathogen that can preclude complement deposition is probably a less efficient NET inducer. 28 It is not only the opsonizing capacity of the complement system that can enhance NETosis but also the anaphylatoxin C5a (Fig. 1b) . C5a can recruit and subsequently prime neutrophils, which results in the upregulation of immune receptors, such as toll-like receptors (TLRs) and/or complement receptors. This process can, in turn, lead to a more vigorous NET response. To exemplify this phenomenon, the induction of NETosis by immune complexes and antibodies is greatly enhanced when neutrophils are first primed with C5a or tumor-necrosis factor (TNF)α. [42] [43] [44] C5a has also been demonstrated to be a NETosis stimulus itself when interferon gamma is used as a priming cytokine. 45 Direct interactions between neutrophils and the complement system are difficult to study in vitro. Serum is mostly used as a source of complement, but it also contains active DNases. 46 If neutrophils are stimulated in medium supplemented with (autologous) serum, the endogenous DNases will degrade the formed NETs. Interestingly, binding of C1q to NETs prevents them from being degraded by DNase I. C1q probably shields the DNA from DNases, or alternatively, C1q inhibits DNase I directly. 46 This activity of C1q might be relevant for the involvement of NETs in autoimmune diseases, as autoimmune patients often have antibodies against NET components to which C1q can bind. As a result, NETs formed in these patients will be protected from degradation and thus will sustain the pro-inflammatory loop that is characteristic of autoimmune disease. Although this is an attractive model, experiments with C1q, autoantibodies against NETs and DNase I have shown no direct evidence for this concept to date. 46 NETs activate the complement pathway Neutrophils and the complement system act hand in hand to defend the host against invading pathogens. Neutrophils produce complement factors themselves as a weapon in their antimicrobial arsenal, and the release of these factors might activate the complement system on invading pathogens. Activated neutrophils have been shown to express C3, Factor B, and properdin, the three components of the alternative pathway needed to produce and stabilize C3-convertase, which was demonstrated to be functionally active and able to induce the complement cascade 47 ( Fig. 1c) . Treatment of neutrophils with LPS, TNFα, or PMA induces the release of small amounts of properdin, which is deposited on the neutrophil membrane. As a consequence, the cleaved form of C3, C3b, was also found on the surface of neutrophils, indicating complement activation by properdin. 30 Conversely, the neutrophil membrane has also been shown to bind Factor H, a well-known inhibitor of the alternative pathway, as described above. 48 Factor H selectively binds to CR3 on the neutrophil membrane and remains active once bound because it inhibits C3b deposition 48 (Fig. 1d) . It is likely that there is a balance between the amounts of Factor H and properdin recruited to the neutrophilic membrane to either activate or inhibit complement, but further research is needed to provide more insight into this issue. It is possible that Factor H is recruited to prevent aberrant complement activation and subsequent MAC complex formation on the neutrophil membrane. The MAC complex has been shown to lyse neutrophils in the presence of antibodies against neutrophilic proteins, 49 and, therefore, Factor H may protect neutrophil from this fate. Lysis of neutrophils may also occur in patients with antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV), who often have antibodies against neutrophilic proteins, which in theory can induce complement activation via the classical pathway and subsequently lead to MAC complex activity. 50 Complement activation occurs not only on the neutrophil membrane but also on released NETs. Properdin, Factor B and C3 have been found to be deposited on PMA-induced NETs. 44, 46, 47 Because MPO and, to a lesser extent, cathepsin G and proteinase 3 can bind to and activate properdin, NETs might form a platform on which complement activation can occur 51 (Fig. 1e) . Indeed, when isolated NETs were incubated with serum, complement components were consumed and levels of C5a were increased. 46 Furthermore, C3b, as well as the assembled MAC complex, were found to be deposited on NETs. 47, 48 In all cases, complement activation by and on NETs was strongly decreased when DNase I was added to disrupt the NET structures. [46] [47] [48] Additionally, Factor H is recruited to NETs, but only when C3b is deposited on the NETs. 52 Factor H has been shown to remain active on NETs because it is able to decrease C3b deposition. In addition, Factor H has been shown to inhibit PMA-stimulated NET formation. 48, 52 Further research has shown that the deposition of complement proteins on NETs is only partly diminished following the addition of EGTA to inhibit classical and lectin pathway activation, 44 indicating that the alternative pathway is also important for complement deposition. Similarly, MAC formation on NETs is also partially inhibited in the presence of antibody against properdin, suggesting the involvement of both the alternative and classical /lectin pathways. 47 The biological relevance of complement activation on NETs might be the formation of the anaphylatoxins C3a and C5a, which can further alarm the immune system. However, a more direct effect has also been shown in experiments in which the bacterium Pseudomonas aeruginosa was used to stimulate NETosis in vitro. In this experiment, properdin was not only found on neutrophils and NETs but also on bacteria, which suggests that NETosis can target bacteria for complement activation. However, deposition of the complement proteins C3 and C3b and the MAC complex on the bacterial surface was not observed. 47 It is possible that P. aeruginosa is capable of evading complement activation, whereas other bacteria might become opsonized by NET activate complement. Further research should thus be designed to elucidate the biological relevance of properdin binding to the pathogen.
It is not only complement proteins secreted by neutrophils that are responsible for complement activation but also some granular proteins that are present on NETs. 30, 51 As early as the seventies, cationic proteins purified from azurophilic granules of neutrophils were shown to cleave C3 and C5 to generate resulting products that can induce the chemotaxis of other leukocytes. 53 It was later described that MPO is able to cleave C5 into active fragments, despite probably yielding C5 fragments other than the canonical C5a and C5b. 54 Similarly, cathepsin G and possibly also neutrophil elastase can cleave C3 in C3a-and C3b-like proteins. 55 This finding strengthens the hypothesis that NETs can activate the complement system to alarm the immune system (Fig. 1f) .
THE INTERPLAY OF COAGULATION AND NETOSIS
Neutrophils have been found abundantly within thrombi of injured mice as well as in thrombi isolated from patients who have had a heart attack, suggesting a role for neutrophils in coagulation in addition to their antibacterial function. [56] [57] [58] [59] Moreover, neutrophils are the first cells to arrive at sites of endothelial damage, even before platelets, which contribute to the initiation of coagulation. In addition, when neutrophil homing to endothelial cells is inhibited by ICAM-1 or LFA-1 inhibitors, thrombus formation is reduced in mice. 4, 60 NETs appear to stimulate thrombosis in a platelet-dependent manner, but they can also stimulate the coagulation cascade directly. Interactions of platelets with neutrophils and NETs Neutrophils and platelets are known to interact and adhere to each other via the glycoprotein Ibα, which can also mediate the adherence of platelets to endothelium and other leukocytes. 62 Once activated, platelets expose P-selectin from their α-granules on their membranes, which provides additional means for interactions with leukocytes. Neutrophils recognize P-selectin via the P-selectin glycoprotein ligand-1 (PSGL-1) receptor, 63 and this platelet-neutrophil interaction has been shown to facilitate NET formation by neutrophils 64, 65 (Fig. 2a) . However, in these types of experiments, blocking of P-selectin did not lead to the inhibition of NET formation by neutrophils. 58 Further research has identified a factor secreted by platelets that is responsible for the enhancement of NET formation, namely high mobility group box 1 protein (HMGB1), which is involved in nucleosome stabilization and gene expression. 58 Attachment of activated platelets to neutrophils might bring them in such close proximity that the secreted HMGB1 is able to activate neutrophils via RAGE, TLR2, and TLR4 receptors, leading to the induction of NETosis 66 ( Fig. 2b) . HMGB1 has also been reported to be present on NETs and thereby to stimulate macrophages. 67 In a simple experiment in which whole blood was perfused over pre-formed NETs, platelets were shown to be recruited to NETs specifically. 68 Platelets might bind to C3b deposits on NETs because platelets express CR1 on their membrane. 30, 69 The results of other experiments have shown that platelet binding to NETs is dependent on histones. 68 To show the effect of histones in vivo, mice were injected with calf thymus histones before injury, and these mice had larger thrombi than those without histone pretreatment. 56 Platelet binding to NETs might lead to platelet aggregation, which is an important step in the formation of clots. Moreover, the histones present on NETs, especially H4, can activate platelets, which in turn, may stimulate NET formation via HMGB1, creating a positive feedback loop (Fig. 2c) . Additionally, histones induce platelets to secrete short-chain polyP from α-granules, a compound that activates the extrinsic pathway of blood clotting by activating FXII 70, 71 (Fig. 2c) . Interestingly, the anticoagulant protein C is able to cleave histones and has been shown to inhibit the cytotoxic effects of histones, 72 but whether protein C can also degrade histones on NETs remains unknown. Overall, NETs decorated with platelets may form scaffolds on which thrombus formation can occur. This hypothesis is corroborated by the fact that citrullinated histone 3, a marker for NETosis, has been found in the thrombi of mice and humans. 56, 58 Similarly, experiments in mice have demonstrated the formation of smaller thrombi when mice are treated with DNase. 56, 62, 73 Activation of the coagulation cascade by NETs When NETs are perfused with recalcified blood, a gradual increase in fibrinogen attached to the NETs has been seen over time. 68, 74 This effect is abrogated following the addition of a thrombin inhibitor, suggesting that NETs can actively form a scaffold on which fibrin formation can occur. 68 The exact mechanism by which the coagulation pathway is activated on NETs remains unknown; it has been reported that only the separate components of NETs (DNA and histones) can induce thrombin activation, whereas the same components in complex (nucleosomes and NETs) cannot. 70 The selective exposure of TF, the initiator of the extrinsic coagulation pathway, on NETs may provide an explanation. 62 Neutrophils treated with cytokines have been shown to upregulate TF mRNA and release TF on their NETs, resulting in the induction of thrombin cleavage. 75 However, not all NETs display TF, which may explain why not all experiments show the ability of NETs to initiate coagulation. Whether TF is exposed on NETs seems to be dependent on the stimulus used to induce NETosis. For example, stimulation of neutrophils with E. coli or RA patient sera does not yield TF-decorated NETs, in contrast to stimulation with AAV patient sera. 76 Another explanation for the direct activation of coagulation by NETs is that the negatively charged NETs can bind and activate FXII, the starting point of the intrinsic coagulation pathway 62 ( Fig. 2d) . This finding is corroborated by an in vitro study in which thrombin generation in the presence of NETs was reduced upon inhibition of FXII or FXI. 61 FXII on NETs has also been shown to induce the activity of kallikrein. 77 As fibrinogen has been shown to colocalize on NETs and FX and prothrombin on activated neutrophils, 74 it is tempting to conclude that fibrin formation can occur on NETs after initiation of coagulation via either intrinsic or extrinsic pathway activation.
The NET-associated protein NE and, to a minor extent, cathepsin G may also contribute to fibrin formation on NETs since they have been shown to degrade TFPI, the major extrinsic coagulation pathway inhibitor. 78 Nucleosomes found at the site of injury are able to recruit TFPI regardless of the presence of NE or cathepsin G, but recruited TFPI is only degraded when these enzymes are present 78 ( Fig. 2d) . Further research should elucidate the source of the TFPI that is recruited to NETs and whether the local concentration of TFPI on NETs is sufficient to induce coagulation in vivo.
Furthermore, NE has been shown to cleave prothrombin directly, resulting in the release of small peptides that exert antibacterial and immunomodulatory effects (Fig. 2e) . These prothrombin-derived peptides even exhibit therapeutic properties when administered to mice infected with bacteria. 38 These results provide a rationale for the induction of coagulation by NETs: the release of antibacterial molecules as a side effect of coagulation could aid in the elimination of invading pathogens.
The thrombin/fibrin fibrils may also reinforce the NET structure that cages pathogens to prevent their spread. Scanning electron microscopy images of fibrin clots formed in the presence of NETs have shown that both structures are interwoven. 35 The NETs form a finer structure within the pores of the larger fibrin structure, which could prevent pathogen escape. However, fibrin clots mixed with NETs are more resistant to fibrinolysis by plasmin, which might be a critical issue in thrombosis-related diseases 35 ( Fig. 2f) . A mouse model of sepsis showed that these NET/ thrombin structures stuck to vessel walls in the liver and inhibited perfusion resulting in organ damage, emphasizing the potential downside of the interwoven NETs/clot structures. 73 
INTERPLAY OF THE COMPLEMENT SYSTEM AND COAGULATION
The crosstalk between the complement and coagulation systems has been recognized for years, and there are extensive review articles on this topic. 25, [79] [80] [81] During the last decade, it has become generally accepted that complement and coagulation cannot be considered separate and independent entities and that they are interconnected and display mutual fine-tuning. 37, 82 The crosstalk even extends to proteins that play a role in the regulation of both processes. 81 However, most interactions were found in the eighties, and since most experiments were performed in vitro, the in vivo relevance has not been consistently clear. 25 The following section focuses on research examining the factors involved in the interplay of the complement and coagulation systems that also affect NETosis.
In C3 knock-out mice, C5a levels were unexpectedly similar to those of wild-type mice, 83 although C3b forms the main component of the C5-convertase. Further research has identified thrombin as the main C5-convertase in these knock-out mice because C5a levels are diminished when the knock-out mice are treated with a thrombin inhibitor. Furthermore, these mice exhibit elevated levels of prothrombin and higher thrombin activity in plasma. These findings suggest that thrombin is able to compensate for the C3 deficiency, although the underlying regulatory mechanism is still unknown. 83 Indeed, thrombin is able to convert C3 and C5 into the biologically active C3a and C5a fragments in vitro, and these fragments are able to induce chemotaxis and activation of neutrophils. 82, 83 Another study has demonstrated that thrombin cleaves C5 at a different site than normal C5 convertases and that the resulting unconventional C5b fragment induces the formation of a more potent MAC complex than the canonical C5b. 84 In addition to thrombin, the active forms of FX, FXI, and plasmin, can also generate C3a and C5a, which contributes to the recruitment of neutrophils. 82 Plasmin has been shown to degrade C5b, which counteracts C5b deposition and MAC formation. 85 Conversely, the complement system also seems to play a role in fibrin formation. Experiments using C3 knock-out mice have revealed that these mice require longer to cease bleeding after cutaneous injury than wild-type mice. 86 This effect was abrogated when the C3 knock-out mice were rescued with serum of wildtype mice.
87 C5 knock-out mice had normal ceasing times (i.e., the time required to stop initial bleeding), but just like the C3 knockouts, the frequency of re-bleeding was higher than that in wildtype mice, suggesting a weaker thrombus. 86 Furthermore, markedly fewer immune cells were found in the ulcers of C5 knock-out compared with wild-type mice. 87 These findings can be explained by reduced complement activation, which leads to decreased recruitment of immune cells and platelets to the site of injury, thus impairing wound healing. 86, 87 Platelets can also activate the complement system on their own membranes, either via the alternative or the classical pathway. 88 The activated pathway is dependent on the type of stimulation because platelets also contain a C1q inhibitor in their α-granules. When platelet activation induces the exposure of P-selectin from α-granules, C1q inhibitor is also released, leading to inhibition of the classical pathway. 63, 88 The biological relevance of complement activation might be related to the clearance of platelets because opsonization with complement factors attracts neutrophils and other phagocytes that can clear the platelets. 88 Bacteria have also recognized the importance of both systems and evolved several strategies to evade or (mis)use them. 25 The recruitment of complement-inhibiting proteins to avoid complement opsonization or MAC complex formation is a well-known defense mechanism of bacteria. 21 Furthermore, bacteria can inhibit clotting to prevent entrapment, or induce clotting to hide from the immune system. 34, 36 Interestingly, bacteria also have strategies to avoid being captured in NETs, as many bacteria express DNases on their cell walls, which are able to degrade NETs. 13 
THE TRIANGULAR RELATIONSHIP BETWEEN NETOSIS, COMPLEMENT, AND COAGULATION
At first glance, NETs, coagulation, and complement seem to have their own ''field of expertize.'' Neutrophils and NET formation are mainly responsible for defense against pathogens, platelets and the coagulation cascade are most important for clot formation and the complement system mainly triggers the immune system to take further action. However, recent research has identified extensive crosstalk between these systems, and it appears that they can act hand in hand to reinforce each other (Fig. 3) . Mutual links are known to exist between the coagulation and complement cascades. Their connection with NETosis is a new concept that adds to the complexity of these systems. The NETs can serve as a direct scaffold for both thrombogenesis and complement activation. As a result, NETs are strengthened with fibrin networks to capture pathogens, and the antibacterial properties of NETs are reinforced by the opsonizing and lytic activities of the complement system. Despite being associated with distinct processes, NETs, complement proteins, and coagulation factors can function in a large consortium that protects the host against both hemorrhage and infections. This cooperation is not limited to a site of injury but also occurs within the bloodstream. When the complex interplay is not carefully balanced, complications may arise, such as sepsis, deep vein thrombosis (DVT), autoimmunity, and even cancer. In patients with sepsis, complement proteins are almost completely consumed, indicating a tremendous immune activation, which results in the elevated cytokine levels observed in these patients, referred to as the cytokine storm. 89 Furthermore, high levels of fibrinogenesis are also found in such patients, but it remains unclear why and how the coagulation cascade is activated. 90 Sepsis is mostly induced by microbial infection, which is mainly fought off by neutrophils. Emerging knowledge concerning the neutrophil-complement-coagulation interplay may contribute to our understanding of the phenotype observed in septic patients.
The neutrophil-complement-coagulation system has been shown to play a critical role in DVT, as shown in a newly developed mouse model of DVT in which the interior vena cava of mice is stenosed, leading to a 90% reduction of blood flow that results in hypoxia of the downstream endothelium. 62 The epithelium responds by upregulating and exposing P-selectin, which in turn, attracts neutrophils. The neutrophils become activated and release NETs, which recruit platelets and additional immune cells. Furthermore, thrombogenesis is initiated on the NETs, and clots are consequently formed that can initiate thrombosis further downstream in the circulation, very similarly to thrombosis observed in human DVT patients. Less or smaller thrombi are formed when neutrophil homing to the endothelium is blocked, or when NETs are degraded by DNase treatment. 56, 62 The complement system is also likely to be activated in this model by both NETs and coagulation cascade products, which might contribute to uncontrolled clot formation.
In a mouse model of spontaneous small intestinal tumorigenesis, the neutrophil-complement-coagulation system was shown to be responsible for tumor growth. 39 In this model, the formation of polyps and ulcers compromises the intestinal epithelium, leading to elevated levels of LPS originating from the gut in the bloodstream of these mice. LPS can activate neutrophils directly, but additionally activates the complement system, which in turn, aids in stimulating neutrophils to form NETs via the C3a-C3aR axis. Subsequently, fibrinogenesis is induced on the NETs, leading to thrombus formation. The formed thrombi induce neutrophils to enter a protumorigenic (N2) state, which favors the outgrowth of polyps in the small intestine. Moreover, the N2 neutrophils have reduced effector functions and a propensity to form NETs spontaneously, increasing both hypercoagulation and complement activation, further exacerbating the disease. 39 This differential activation of neutrophils in the tumor environment might explain why thromboembolic disease shows a high correlation with the incidence of cancer in the clinic. 91 
CONCLUDING REMARKS
It has become clear that NETosis, the complement system and coagulation are not separate and independent functional entities but that intensive interactions between these processes exist. More insight into the interplay among NETosis, complement and coagulation is beginning to emerge, which can facilitate the understanding of the complex processes of wound healing, host defense against pathogens and thrombosis. Furthermore, this interplay provides new insights into the molecular mechanisms of diseases as NET formation has been implicated in various diseases; this also holds true for certain types of tumors that misuse neutrophils and coagulation to create a protumorigenic environment. However, the importance of these NET-related mechanisms in disease is not yet clear, and further research should clarify whether the in vitro findings demonstrating the triangular relationship of NETs, coagulation, and complement are also relevant in vivo. For example, (pre-)clinical studies using DNase as a treatment for diseases, such as sepsis or thrombosis, might support the involvement of NETs in coagulopathies.
